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Role of quantum capacitance in coupled low-dimensional electron systems
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We have investigated the charging behavior of a layer of self-assembled InAs quantum dots placed in close
vicinity to a two-dimensional electron gas (2DEG). As the gate bias is changed, the number of electrons in each
system is altered simultaneously. Based on the quantum capacitance of the involved layers we develop a
general model to determine the charging state of coupled low-dimensional systems from capacitance-voltage
(CV) spectroscopy. The model is then applied to the special case of a layer of self-assembled quantum dots
coupled to a 2DEG. As a complementary method, we have employed Hall voltage measurements. We find that
the measurement of the two-dimensional carrier density through lateral transport provides a direct insight into
the vertical charging process of the quantum dot system. Six individual charging peaks related to the occupa-
tion of the s and p shells of the dots can be resolved. In agreement with results from CV spectroscopy,
Coulomb blockade and quantization energies can be extracted. Moreover, the Hall measurement offers a higher
peak-to-valley ratio and a better estimate for the number of simultaneously charged dots than the capacitance

data.
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I. INTRODUCTION

Self-assembled quantum dots (SAQDs) have attracted
much interest due to the fact that they show full quantization
for electrons and holes with atomlike properties.'~> For the
investigation of the internal electronic structure, capacitance-
voltage (CV) spectroscopy has proven to be a valuable tool.
In most cases, a three-dimensional (3D) electron reservoir is
used and the ac tunneling current between the dots (0D sys-
tem) and the 3D reservoir is monitored.*” Measured changes
in capacity are directly linked to the electronic density of
states of the quantum dots. This way the charge per quantum
dot can be determined very precisely.

However, for a number of experiments it is of interest to
rather use a two-dimensional electron gas (2DEG) as a res-
ervoir. For example it has been demonstrated that SAQDs in
close vicinity of a 2DEG can greatly affect the scattering
times and thus the mobility of the 2DEG.? Also, several au-
thors have demonstrated that the properties of a 2DEG in the
quantum Hall regime can be directly influenced by a nearby
quantum dot layer.>~!3

A major difficulty in these experiments is the uncertainty
of the exact charge states of the 2D and 0D systems. This is
due to the fact that a change in applied gate voltage affects
both carrier densities simultaneously and the calculation of,
e.g., the resulting mobility of the 2DEG is directly based on
both quantities. Therefore, an exact knowledge of the indi-
vidual charging states is necessary in order to analyze the
2D-0D interaction properly.

In this paper we use two complementary methods to de-
tect the respective charge densities: CV spectroscopy and
Hall measurements. Surprisingly, also the in-plane Hall mea-
surements allow for a detection of the vertical tunneling
events into the quantum dot layer. We develop a general
model of layered quantum systems and apply it to accurately
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determine the charging state of the QD layer. While both
techniques deliver accurate results for the electron densities,
the spectroscopic resolution of the Hall measurements is su-
perior to that of CV measurements. Moreover, it allows spec-
troscopy for almost arbitrarily slow time scales and therefore
gives access to a regime where ac-based experiments are no
longer practical.

II. SAMPLES AND EXPERIMENTAL SETUP

The general structure of our samples is very similar to
metal-insulator-semiconductor field-effect transistor struc-
tures with a 3D reservoir used in earlier work.>®!415 The
main difference of our samples is the two-dimensional elec-
tron gas used as a back contact.

All samples were grown by solid-source molecular-beam
epitaxy on GaAs (100) semi-insulating substrates. First, a
GaAs buffer was deposited, followed by 150 nm
Aly3.GageAs, a Si-o-doping layer, and a 40 nm
Al 34Gag ggAs spacer. Then, the 40 nm thick GaAs tunneling
barrier was grown, followed by the InAs quantum dots. On
top of the dots, 30 nm of GaAs and a 200 nm thick
AlAs/GaAs superlattice were grown, preventing tunneling to
the sample surface. Finally, the structure was capped with
10 nm GaAs and a second layer of InAs was deposited on
the sample surface. From atomic force micrographs of these
surface dots we estimate the dot density to be approximately
7% 10° cm™. In this structure the 2DEG is formed at the
interface between the 40 nm Alj34GagesAs spacer and the
40 nm GaAs tunneling barrier, as depicted in Fig. 1. The
mobility of the 2DEG is about 9 m*/Vs at n,p=3.8
X 10" m=2.

We have prepared Hall bar devices with a metallic top
gate in order to control the charge state of the device. Addi-
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FIG. 1. Sketch of the conduction band and layer sequence of the
heterostructure. The GaAs tunneling barrier between the 2D back
contact and the quantum dot layer is transparent in the frequency
range employed for CV and Hall measurements. The superlattice
prevents leakage to the gate electrode. A capacitance maximum is
observed when tunneling from the Fermi level of the 2D gas into
the discrete energy levels of the quantum dots is possible.

tionally, large area gates have been prepared on the same
samples. All electrical measurements have been performed in
a He cryostat at 7=4.2 K in the low-frequency lock-in tech-
nique. In the Hall experiments, an external magnetic field of
B=0.3 T has been applied perpendicular to the sample sur-
face. At this magnetic field Hall plateaus just begin to
emerge, but their effect is small compared to the main fea-
tures observed in our experiments.

II1. MODEL

In the following we derive an iterative model to describe
the charging state of a gated heterostructure with an arbitrary
number of embedded quantum systems with a reduced (non-
metallic) density of states. This model is then applied to our
specific sample geometry. The main aim of the calculation is
to perform a detailed analysis of capacitance data. However,
the derived equations also enable us to use lateral Hall mea-
surements of the 2DEG to determine the number of electrons
tunneling vertically into the SAQD.

The following analysis is directly related to the field pen-
etration method, which was previously used to determine the
density of states of two-dimensional electron gases.!®!7
Here, we extend this model to an arbitrary number of em-
bedded quantum systems that interact via fast tunneling pro-
cesses. Because of this tunnel coupling we can use an itera-
tive formalism to calculate the resulting capacitance, where
each step resembles the simple situation discussed by
Luryi.'® This way, we avoid the complications that arise
when the capacitance of a system with a number of indi-
vidual mesoscopic systems coupled to different reservoirs is
calculated. A general model for the capacitance of such an
arbitrary number of interacting conductors was developed by
Biittiker."”

To iteratively solve the problem of a layered system as
shown in Fig. 1, we start from an empty capacitor?’ C©,
which consists of a metallic gate electrode and a back elec-
trode. The back electrode is at present not further specified
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FIG. 2. Model of a sample with N embedded quantum systems
in thermal equilibrium with an arbitrary back electrode. C; ; denotes
the purely geometric capacitance between two layers, while quan-
tum effects enter the values for C%, corresponding to the total
capacitance between the back contact and layer i. C™V) is the total
resulting capacitance of the sample after N quantum systems have
been included in the iteration. The arrows indicate which are elec-
trically connected through a tunneling barrier.

and can in fact be of complex nature (see below). In the first
step, we insert a (quantum) layer 1 into the capacitor (see
Fig. 2). This layer is electrically connected (usually by a
tunneling barrier) to the back electrode, but insulated from
the gate electrode.

In order to obtain the resulting capacitance of this new
system CV, we write the differential change in voltage dU
across the structure as

do do
dU=—%+ =+ (1)
Cl,g e D]

Here, the first term on the right-hand side accounts for the
change in electrical potential, which is given through Gauss’
law by the change in charge on the metallic gate, do,. The
second term results from the change in chemical potential in
layer 1, given by the charge o and the density of states D;.
The position of the inserted layer is expressed in terms of the
geometric capacitance C, , between gate and layer 1, which
also contains the effective dielectric constant of the medium
between these layers.

Similarly, the fact that the back contact and layer 1 are in
equilibrium yields

—da‘byl d0'1
C(b']) * €2D1

0= : (2)
where oy, is the change in charge on the back electrode.
Note that any change in the chemical potential in the back
electrode is already accounted for by the effective capaci-
tance C»V. Since 1/C? is a serial composition of C, ¢ and
C®Y, it is given by

1 1 1

c®.D =W‘E~ (3)

From Egs. (1)—(3) and charge conservation
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FIG. 3. Capacitance network corresponding to the iterative for-
malism [Egs. (6) and (8)]. The quantum capacitance of the ith sys-
tem appears in parallel to all systems with an index k<i.

—do'g=d0'b!1+d0'1, (4)
the capacitance C(1)=d0g/ dU follows

1 1 1

S =t T 5
cV o, Cp+CPD ©)

with the quantum capacitance'® C, ;=¢’D,. Since C'V can
also be viewed as a capacitance resulting from a metallic
gate electrode and a complex back electrode, Eq. (5) can be
iterated and the capacitance of a layered system follows from
the iterative equations

1 1 1
0= ¢, T C et (©)
1 1 1
0= oy T o Q)
C( ) C( ) Ci,g
1 1
= + - (8)
Cioii Cgim+t ctb=
Again, all systems 1, ...,7 are assumed to be in equilibrium

with the back contact.?®

This iterative formalism can be translated into a corre-
sponding capacitance network (Fig. 3). Here we have used
the geometric capacitance C;;,; between adjacent layers (see
Fig. 2). It can be seen that the quantum capacitance of the ith
system is connected in parallel to all systems with a lower
index.

We now proceed to use Egs. (6) and (8) for the interpre-
tation of our capacitance data. It should be pointed out,
though, that the derived formalism is of much broader appli-
cability. It could, e.g., be the starting point for a generaliza-
tion of the capacitive depth profiling method? for nonclassi-
cal systems.

A. Application to the present system

The system under consideration here, with a 2DEG and a
quantum dot layer, constitutes the case N=2.

The capacitance C?’=4.69 nF/cm? can be measured di-
rectly by applying a high negative gate voltage U<-2 V, so
that both the 2DEG and the dots are depleted. Note that this
depletion characteristic also accounts for any capacitances of
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the measurement setup, so that no additional parallel capaci-
tance has to be included in the equations.

Furthermore, the quantum capacitance C,; of the 2DEG
is well known and independent of gate bias:

em”

mh?’

where m"=0.067m, is the effective mass of the 2D electrons.
It should be noted that this expression may be violated in the
limit of low electron densities. In high-mobility samples the
depletion region can even exhibit a negative
compressibility.?!">3 Here, we neglect this complication be-
cause in our low-mobility samples the measured capacitance
in this gate voltage region is obscured by resistive effects and
these quantum corrections are only a very small effect.

The geometric capacitance C;, between gate and the
2DEG can be determined from the growth parameters and
from self-consistent calculations.?* These show that the wave
function of the electrons in the 2DEG resides approximately
5 nm away from the Al,Ga,_,As/GaAs interface. This leads
to a total capacitance of Cc"M=35.5 nF/cm?, which can be
used in the second iteration step:

Cq,l = €2D1(E2) = 9)

1 1 1 (10)
— = )
c® Cy C,, c
Cont —L(l)
C,—C

Here, again, the geometric capacitance C, , between gate and
dot layer includes a small correction of 2 nm to account for
a shift of the wave function away from the nominal GaAs/In
As interface position. Equation (10) can be used to determine
the quantum capacitance C,, of the dot layer from the mea-
sured capacitance C®). This quantum capacitance originates
from the inhomogeneously broadened spectrum of the quan-
tum dots, which results in an average density of states D,(E)
of the dot ensemble,

2
e
Cyo=€*Dy(Ep) = ;2 SEr— €4, (11)
ik

where E is the Fermi energy in the dot layer. The sum takes
into account all dots under the gate (total number n, index i)
and all energy states in the dots (index k). Combining Egs.
(2) and (10) the total capacitance C'* can be related to the
change of the carrier concentration in the dot layer:

d c
+M<1—— . (12)
v\ Gy,

c?®=c®

Here, C? is the measured capacitance and C'!) can be deter-
mined in the gate bias region, where the dots are depleted but
the 2DEG is charged. C,, is the geometric capacitance be-
tween the dot layer and the gate.

Using Eq. (12), the charge transfer into the dot layer can
be calculated from the measured capacitance:

dog, _ C?-cV
du — 30y, -

(13)

More practically, do,, is expressed in terms of the change in
capacitance AC=C®»—CW, induced by the presence of the
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quantum dot layer, and the effective capacitance between the
dot layer and the (complex) back contact, 1/C*?=1/c(V)
=1/Cy

dogy _ \ -C"?

W =AC W (14)
The charging characteristic of the dot layer can thus be de-
termined by taking the amplitude of the dot charging peaks
with respect to the background capacitance of the 2DEG,
multiplied by a corrective factor C*?/C™". In the simple
case of a dot layer inserted between the gate and a metallic
back contact, this corrective factor corresponds to the so-
called lever arm, frequently used for the evaluation of quan-
tum dot CV spectra.*~%!415 For our heterostructure we derive
an effective lever arm of 8.08 by including the different di-
electric constants, the nature of the back contact, and the
depletion characteristic.

A direct consequence of Eq. (14) is, that only a small
fraction of the charge in the dots reveals itself as an increase
in the capacitance. More pronounced is the influence of the
dots on the charging characteristic of the 2DEG,

dO-Zd d(Tg dab,l da’dm

- ’ (15)
du dU dU dUu

which, with the above formalism, can also be determined
from capacitance data. However, as we will show in the fol-
lowing, it is not only possible, but can actually be advanta-
geous, to take the inverse route and perform quantum dot
spectroscopy through detailed measurements of the charging
characteristics of the 2D layer. If do,, is known, for example
from Hall measurements, the quantum capacitance of the dot
layer can be calculated:

C

doy,\™!
2= cz,gc“’l)(#) ~Cy—C"Y. (16)

dUu

Here, the charge o0, , accounts for the total number of carri-
ers in the structure apart from the quantum dots and can be
derived from o,p [see Eq. (2)]:

(b.1)

d(fb’2=d0'2d+d0'b,1=(1+ )dO-Zd' (17)

q,1
In our experiment the 2D density of states is very high, so
that the 2DEG almost perfectly screens the remaining part of
the heterostructure and the correction introduced by doy, | is
only of the order of 0.1%, which is approximately the reso-
lution the experiment.

IV. EXPERIMENTAL RESULTS

Figure 4 shows a capacitance trace of a large area gate
(6.4X 107 cm?).

At very low gate voltages (<—1.4 V), the 2DEG is de-
pleted and only the residual capacitance of the sample and
the measurement setup is observed (C?)). Around —1.4 V the
2DEQG is charged with electrons and becomes the active back
electrode once its conductivity is sufficiently high. Since the
two-dimensional density of states is constant this results in
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FIG. 4. Capacitance of a heterostructure containing a 2D and a
0D electron system. On top of the almost constant background,
originating from the 2DEG, six individual charging peaks of the
quantum dots are observed. The inset shows in more detail the bias
range where the quantum dots are successively charged.

an almost constant capacitance over the whole voltage range;
the small increase in capacitance can be attributed to a shift
of the actual position of the 2D wave function. On top of this
background, six dot-induced charging peaks are discernible
(inset of Fig 4). Finally, at U=0.5 V tunneling into the InAs
wetting layer leads to a steep increase in capacitance.

Each of the six charging peaks corresponds to the adding
of an individual electron per dot. The first two electrons oc-
cupy the s shell (€=0) of the quantum dots; the group of four
peaks at higher gate voltages represents the occupation of the
p shell (€==1). In the commonly used model,>?® the con-
finement perpendicular to the growth direction is described
by a 2D harmonic potential and one obtains the observed
twofold degeneracy for the s shell and a fourfold degeneracy
for the p shell.

Since the charging of a quantum dot with an additional
electron requires extra energy due to the Coulomb blocking,
in the CV spectra these degeneracies are lifted and the charg-
ing of single electrons per dot can be observed. This Cou-
lomb energy depends on the actual occupation number of the
quantum dot and is especially large for the s electrons, which
are therefore better resolved than the p shell.

From these capacitance data both carrier concentrations
and the quantum capacity of the dot system can be calculated
using the above formalism. While the charging of the quan-
tum dots leads to a small increase in capacitance, the effec-
tive lever arm CV/CV=8.08 induces a correspondingly
larger change in dn,p/dU and, in the opposite direction, in
dng,/dU (Fig. 5). As can be seen from the inset of Fig. 5,
our model enables us to precisely determine the charging
state of both quantum systems for each gate voltage position.
With this information we derive a value of 3.75X 10° cm™
for the dot density, which is well below the value determined
from atomic force microscopy pictures of dots grown on the
sample surface (7 X 10° cm™2).

To test the validity of our model and to implement a dif-
ferent way to observe the quantum dot charging process, we
performed precise Hall measurements to detect n,p. Previ-
ously this has not been possible because of the nature of the
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FIG. 5. Change of the number of electrons for both quantum
systems. The inset shows the absolute values.

commonly used 3D back contact. Surprisingly, the influence
of the (vertical) quantum dot charging process is even more
pronounced in these lateral experiments (Fig. 6). Figure 6(a)
shows the 2D carrier concentrations determined in both ex-
periments (Hall and CV). Since resistive effects obscure the
capacitance data in the region close to the depletion bias it is
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FIG. 6. Carrier concentration (a), the derivative dn,p/dU, (b),
and quantum capacitance of the dot layer (c), determined by CV
(circles) and Hall measurements (solid lines). In (b) An;; corre-
sponds to a gate voltage difference which completely fills a Landau
level at B=0.3 T.
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difficult to derive precise absolute values for n,p, from such
capacitance measurements. We have therefore normalized
the capacitance data at a gate bias of —0.9 V so that the value
of n,p determined via the Hall experiment is reproduced at
this starting point prior to the occupation of the quantum
dots. With this correction, Hall measurements [solid lines in
Fig. 6(a)] and the values determined from capacitance data
[open circles in Fig. 6(a)] are in very good agreement over
the whole voltage range. However, for positive gate voltages
the Hall measurement shows a slightly slower increase. This
can be observed in more detail in Fig. 6(b), where, especially
in the region of the p shell, the Hall measurement shows a
more prominent influence of the quantum dots and therefore
smaller values of dn,p. It is surprising that in this voltage
region the Hall measurement exhibits a slightly better reso-
Iution of the p-shell electrons in conjunction with a higher
peak-to-valley ratio.

In both experiments the reduction of dn,p due to the
charging of the wetting layer around 0.5 V can be observed.
Once the electron concentration is high enough such that the
wetting layer becomes conducting it acts as a second 2DEG,
the Hall voltage decreases, and an apparent increase of dn,p,
is observed in the Hall experiment (0.57 V).

Another additional feature of the Hall experiments are the
small kinks which are most pronounced between the s and p
shells and at the center of the p shell. We attribute these
features to the beginning of the formation of quantum Hall
plateaus, which is in agreement with the gate voltage differ-
ence necessary to change n,p, by An;; [see Fig. 6(b)], which
completely fills the next Landau level at B=0.3 T. These
kinks can in principle be suppressed if a smaller magnetic
field is applied when measuring the Hall voltage, which,
however, reduces the signal-to-noise ratio.

As a final step the quantum capacitance of the dot layer
can be calculated from the Hall data. Similar to capacitance
measurements, the geometric capacitances are used to de-
duce the quantum capacitance C, 4, and the corresponding
density of states D,=C, 4,/ ¢* of the dot layer [Eq. (17)]. The
quantum capacitance thus derived of the dot layer in com-
parison to the capacitance data is displayed in Fig. 6(c).
Again, both experiments result in very similar traces, which
is a good indication of the applicability of our capacitance
model in this system. In fact, the measurement of n,p en-
ables us to determine the characteristics of the quantum dot
ensemble with at least the same accuracy as can be expected
from typical capacitance data. For example, we calculated a
value of 4 X 10° cm™ for the areal dot density, which is a
significant improvement over the result determined from CV
spectroscopy.

Additionally, we employed both experiments to determine
the Coulomb energies for the first six quantum dot electrons
(Table I). We find a very good agreement between both
methods and also with similar values from previous studies
of InAs quantum dots.'*!> Using the formalism of Warburton
et al.'> we can also estimate the quantization energy Ao, to
be approximately 50 meV, which is in good agreement with
previous reports.> !4

In summary, we have developed a general model to ana-
lyze capacitance and Hall measurements of samples with
multiple embedded quantum systems with a reduced density
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TABLE I. Coulomb energies determined via Hall measurements
and CV spectroscopy. The values marked with an asterisk were
calculated assuming a quantization energy of 50 meV, which is a
typical value for the growth parameters used here and supported by
magnetic-field-dependent capacitance measurements (not shown
here).

Electrons AEy,; (meV) AEcy (meV)
S1-82 23.93 21.66
$9-P1 7.23" 7.61"
P1-P2 16.88 16.01
Da2-P3 20.96 19.59
D3P4 15.89 16.02

of states. The iterative formalism was applied to a hetero-
structure containing a 2DEG and a layer of self assembled
InAs quantum dots and allowed us to determine the carrier
concentrations of both systems over the whole voltage range.
Similarly, the formalism was employed to extract the quan-
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tum capacitance of the dot layer from a very sensitive Hall
measurement. While both complementary methods can be
used for quantum dot spectroscopy it is surprising that the
rather indirect in-plane Hall measurement gives a slightly
better peak-to-valley ratio and also a better approximation of
the number of simultaneously charged quantum dots. Also,
the possibility to use a dc setup to measure n,, makes a
whole class of heterostructures with very large tunneling re-
sistances accessible, where CV spectroscopy is not practical.
We note, however, that such Hall measurements are only
possible for nonquantizing magnetic fields.
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